Analyses of complete cytochrome b sequences from all species of cranes (Aves: Gruidae) reveal aspects of sequence evolution in the early stages of divergence. These DNA sequences are ~89% identical, but expected departures from random substitution are evident. Silent, third-position pyrimidine transitions are the dominant substitution type, with transversions comprising only a small fraction of sequence differences. Substitution patterns are not clearly manifested until divergence has reached a moderate level (>3%), as expected for a stochastic process. Variation in the frequency of mismatch types among lineages decreases at larger divergences, but the level of bias does not decay. Divergence varies up to fivefold among gene regions but is not correlated with structural domain. All protein structural domains except extramembrane 4 display <20% variable residues. Regions corresponding to putative functional domains show the excepted conservation of amino acids, although the C-terminal portion of the Q. reaction center displays several nonconservative replacements. Phylogenetic analyses incorporating substitution asymmetries produced mixed results. Distances estimated with multiple parameters (transition, codon-position, composition, and pyrimidine-transition biases) yielded identical additive tree topologies with comparable bootstrap values, all consistent with uncontroversial species relationships. Maximum likelihood analysis incorporating these biases, as well as equally weighted parsimony analysis, produced similar results. Static, differential weighting for parsimony did not improve the phylogenetic signal but produced unusual trees with low bootstraps. The overall rate of nucleotide substitution varies slightly but significantly among cranes, and calibration of distances against fossil dates suggests divergence rates of 0.7%-1.7% per million years.
Introduction
Theoretical studies of molecular sequence evolution build upon the simple model of Jukes and Cantor (1969) , who treated substitution as a Poisson process with a single expected rate for all sequences, positions within a sequence, and substitution types. Protein-coding genes, however, depart from this "random" process of base substitution.
Comparative studies of coding sequences have revealed biases in favor of silent substitutions and transitions. The former may be attributed to a predominance of neutral substitutions (Kimura 1983 ), but a convincing explanation of the latter has been elusive (Holmquist 1983; Jukes 1987) . The generality of transition bias prompted Kimura (1980) to refine the Poisson model, allowing for unequal rates of transitions and transversions.
More complex models have been devised to account for rate variation among some or all substitution types and to estimate rates of synonymous and nonsynonymous substitution (Wu and Li 1985; Nei 1987, pp. 73-79) .
Studies since have confirmed the existence of substitution biases in animal mitochondrial DNA (mtDNA) and demonstrated a decay of the transition fraction (Brown and Simpson 1982) and a
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Mol. Biol. Evol. 13(1): 21-30. 1996 0 1996 by the Society for Molecular Biology and Evolution. ISSN: 0737-4038 "saturation effect" observed at large divergences (Brown 1983) . The latter phenomena have prompted many systematists to advocate differential use of substitution types in phylogeny reconstruction (Swofford and Olsen 1990) , emphasizing transversion and nonsynonymous differences at higher levels of sequence divergence. At smaller divergences, mtDNA has been cited as a "molecular clock," calibrated for vertebrates at an approximate divergence rate of 2% per million years (Wilson et al. 1985; Moritz et al. 1987) .
Since Kocher et al. (1989) , the mitochondrial cytochrome b gene has been a popular source of DNA sequences for phylogenetic reconstruction (Meyer 1994) , though few studies have considered the evolutionary dynamics of this gene and its encoded protein.
The topic has been approached for some bird (Edwards, Arctander, and Wilson 199 1; Kornegay et al. 1993; Avise, Nelson, and Sibley 1994) , mammal (Irwin, Kocher, and Wilson 1991; Ma et al. 1993) , and fish (Whitmore, Thai, and Craft 1994) groups, and across kingdoms (Howell 1989) , yielding insights on patterns of nucleotide substitution and structure-function constraints. These comparisons involve relatively old divergences, while cytochrome b is more frequently used in studies of recently evolved taxa. But because the latter often cover a narrow range of divergence, assay only part of the gene sequence, or omit relevant species, they are seldom able to document detailed patterns of sequence evolution.
Our objectives in this study were (1) to document rate variation among substitution types, codon positions, 
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Grus Zeucogerunus (Siberian Crane) Gl and structural-functional domains of cytochrome b; (2) to examine changes in substitution patterns as divergence increases to moderate, presaturation levels; (3) to relate variation patterns at the DNA level to those at the amino acid level; and (4) to determine the effects of incorporating rate asymmetries into standard phylogenetic estimation procedures. The 15 species of cranes (Aves: Gruidae, table 1) provide an excellent context for this investigation.
Previous studies (Archibald 1976; Wood 1979; Krajewski 1989; Dessauer, Gee, and Rogers 1992; Krajewski and Fetzner 1994; Krajewski and Wood 1995) have produced a consensus on species-group compositions and shown that cytochrome b divergences are below saturation. Cranes also have a relatively rich fossil record, allowing us to estimate absolute substitution rates.
Materials and Methods
All DNA samples (from taxa in table 1) and laboratory procedures employed in this study were described by Krajewski and Fetzner (1994) . The 20 sequences (each 1,143 bp) have been deposited in GenBank under accession numbers U 11060-U 11065, U27543-U27557; a complete alignment is available upon request from the senior author. These GenBank files include corrections to previously published sequences.
We employed Hitachi's DNASIS software to analyze cytochrome b sequences for base composition and codon usage and to translate DNA into amino acid sequences. Mismatches among sequence pairs were tallied for each mismatch type and codon position using programs written in Microsoft QUICKBASIC. Averages and standard deviations (SD) of pairwise counts for each codon position and mismatch type were plotted as functions of overall mismatch frequency (the p-value of Nei 1987, p. 65) .
Pairwise distances among sequences were estimated according to several models. Kimura's (1980) twoparameter distance was calculated using the DNADIST program in PHYLIP 3.5 (Felsenstein 1992 ). The DNADIST model assumes a single expected transition/ transversion (ts/tv) ratio. This ratio was set to the default value of 2.0 (dZmO, the distance employed by Krajewski and Fetzner [ 19941 and Krajewski and Wood [ 19951) and to the observed mean value of 6.5 (d& over all pairwise comparisons.
The two-parameter distance was also computed with relative rate categories assigned to codon positions and a transition bias of 6.5 (d&.
Relative rates were estimated as the average mismatch frequency at each codon position, standardized to the second position value. To account for composition bias in the two-parameter model with position-specific rates, we calculated maximum likelihood distances (d& according to Felsenstein's (1992) DNAML method in DNA-DIST. Finally, to reflect a potentially higher rate of pyrimidine than purine transitions (see below) in addition to the substitution-type biases described above, we computed the Tamura and Nei (1993) distance (&) using the MEGA 1 .Ol software (Kumar, Tamura, and Nei 1993) . Synonymous (ds) and nonsynonymous (&) distances were estimated using the Nei and Gojobori (1986) method, also implemented in MEGA 1 .Ol . Phylogenies were estimated from distances using the method of Fitch and Margoliash (1967) and the neighbor-joining (NJ) method of Saitou and Nei (1987) , implemented in the FITCH and NEIGHBOR programs, respectively, of PHYLIP 3.5. Maximum parsimony trees were estimated using the DNAPARS program of PHY-LIP 3.5. In addition to equally weighted parsimony, we performed the following differential weighting analyses: third-position transitions with 0 weight; codon positions weighted as the inverse of their relative rates, standardized to third position; codon positions weighted by the inverse of their relative proportion of variable sites, standardized to third position; all transitions with 0 weight; (Felsenstein 1988) . A maximum likelihood tree was constructed with the DNAML model and algorithm in PHY-LIP 3.5, incorporating the observed mean transition bias (6.5), codon-position relative rates, and observed base frequencies. An F-ratio test for rate uniformity contrasted the FITCH topology from dML distances with that obtained by PHYLIP's KITSCH algorithm, the latter assuming a molecular clock (Felsenstein 1984) .
Results
Substitution Patterns
Crane p-values range from 0.7% to 10.7% and transitions comprise 44.4%-100% of total mismatches (average 84.3%). Figure 1 shows that most variation in the transition proportion occurs between 0% and 3% divergence; comparisons at larger p-values fall in the narrower range of about 75%-95%. The average ts/tv over all pairwise comparisons is 6.5 (SD = 3.4). Frequencies of specific mismatch types (table 2) show an approximate threefold excess of pyrimidine over purine transitions, and a three-to ninefold excess of AC transversions over Cytochrome b base composition is uniform among cranes. Overall frequencies are similar to those in chicken (Desjardins and Morais 1990) , including the low frequency of guanines (table 3) . The third codon position shows a strong bias against G typical of cytochrome b sequences from other taxa. First positions are relatively homogenous, but second positions favor T. The latter reflects a high frequency of phenylalanine (TTY), leutine (TTR and CTN), and isoleucine (ATY) in cytochrome b (together constituting roughly 30% of the protein). Third position compositions are reflected in codon usage patterns (table 4) , where 10 of the 20 codon families show significant biases favoring C and A (P < 0.01, x2 tests). Codon bias also reflects amino acid composition, with 8 of the 10 significantly biased families corresponding to the most common amino acids. This suggests that compositional biasing, like base substitution, is a stochastic process requiring a large number of "events" (residue occurrences) to become apparent.
Protein-Level Variation
The inferred amino acid sequences of crane cytochrome b proteins show regions corresponding to intra-, trans-, and extramembrane domains of the Howell and Gilbert (1988) structural model and functional regions Q0 and Qi identified by Howell (1989) . Heme-ligating histidines at residues 84, 98, 183, and 197 are invariant in cranes, as is the PEW triplet at residues 271-273. Both Q0 regions (residues 13 l-150 and 268-288) are relatively conserved, though not invariant, among cranes. The N-terminal region shows only an aliphatic replacement in Grus canadensis tabida, but the C-terminal region displays both conservative and nonconservative replacements.
The Qi region (residues 21-41) shows replacements at 3 of 20 residues, comparable to 5 of 20 residues in the C-terminal QO. All structural domains have fewer than 22% variable residues ( fig. 6) ( fig. 7 ) reveals a variability peak at position 810 that corresponds to extramembrane domain 3 (including some C-terminal Q0 codons). The most conserved region is near position 640 within the transmembrane V region, which includes codons for heme-ligating histidines. Divergences within most domains increase with p, though some (e.g., extramembrane 4) show so much variation among sequence pairs that no trend is discernable.
Phylogenetic Analyses
All FITCH, NJ, and DNAML analysis yielded the same tree topology ( fig. 8) . Incorporation of progressively more parameters into the distance calculation inflated distances and lengthened trees but had no consequences for identifying the optimal topology. To gauge the effect of additional distance parameters on tree resolution, we compared the bootstrap values d2rz0, d2p65, and dTN analyses (dzpc and &_ calculations involved
Crane Cytochrome b Evolution 25 rate categories and could not be bootstrapped) at nodes uniting polytypic gruine species groups (the Anthropoides, Antigone, and Americana groups of table l), as well as nodes implying relationships among these groups. The former are the least controversial aspects of crane systematics, the latter among the most uncertain. At shown in table 6, refinement of the distance estimate had no effect on either set of nodes-species groups remained well-resolved and intergroup nodes remained poorly resolved.
Crane sequences contain 186 informative sites for parsimony analysis (30 first, 6 second, and 150 third positions). DNAPARS recovered a single minimumlength tree from equally weighted sites that is highly congruent with the distance results, as are bootstrap values on most nodes. All gruine species groups were recovered, with bootstraps as follows: Anthropoides, 55%; Canadensis, 100%; Americana, 83%; Antigone, 75%. On this tree, first-, second-, and third-position characters changed an average of 1.8, 2.7, and 2.4 times, respectively. Weighting sites by the inverse of relative codonposition variability (4: 11: 1) recovered only Antigone, Canadensis, and Americana species groups (only the latter two with bootstraps 190%). Weighting sites by the inverse of relative codon-position divergence (5:20: 1) returned only the Americana and Canadensis groups (bootstrap values 51% and lOO%, respectively). Removing third-position transitions recovered the Canadensis, Anthropoides, and Antigone groups (bootstraps 94%, 33%, and 48%, respectively).
Parsimony analysis with transversions weighted sixfold recovered only the Canadensis group. Transversion parsimony yielded 34 minimum length trees, the strict consensus of which did not include a single gruine species group and bore little resemblance to accepted crane phylogeny.
Rates of Sequence Evolution
Synonymous-substitution distances (d,) among cranes are roughly an order of magnitude greater than nonsynonymous distances (&) and increase much more rapidly with increasing divergence (fig. 9) . Mean values of &N, ds, and dN between each gruine and Balearica suggest only slight rate variation among gruines. This appears to be significant, however, in that the topology inferred by KITSCH is different from the FITCH tree in figure 8 . The F-ratio test, using residual sum-ofsquares for FITCHand KITSCH-optimized branch lengths on figure 8, is significant at P < 0.01 (F = 25.25). Krajewski (1990) , Krajewski and Fetzner (1994) , and Krajewski and Wood (1995) reviewed the crane fossil record and suggested that gruines diverged from balearicines 10-20 million years ago (Mya), that gruine species groups diversified 3-5 Mya, that gruine sisterspecies diverged some l-3 Mya, and that gruine subspecies became differentiated 0.5-l .5 Mya. Plotting dML values against these estimated dates ( fig. 10 ) reveals that crane cytochrome b sequences diverge at 0.7%-1.7%
per million years.
Discussion
Dynamics of Sequence Evolution
Many of the departures from random substitution patterns in cytochrome b sequences, including transition bias, synonymous substitution bias, and codon-position effects, have been amply documented (Meyer 1994 (1982). Crane cytochrome b shows no such trend, maintaining an average fraction of 80%-85% out to 10% divergence. At divergences of 15% (as between cranes and other gruiforms such as trumpters and rails), the transition ratio falls to ca. 67% (C. Krajewski, unpublished data) ; the ratio for crane-to-chicken comparisons (p =J 18%) is approximately 50%. This precipitous drop suggests that progress toward transition saturation accelerates between 10% and 18% divergence.
At lower divergences, transitions and transversions accrue monotonically at their expected rates, and the ratio between them forms a broad plateau. Another striking feature of the transition fraction is its high variation up to 3% divergence, followed by relative uniformity at higher p-values. This hallmark of a stochastic process is fully consistent with Poisson models of sequence evolution, reflecting the sampling of fewer evolutionary events over shorter time scales.
Composition biases may explain much of the nonuniformity in substitution types. The predominance of T at second positions is related to amino acid composition and in turn contributes to the abundance of CT transitions at second positions. At third positions, C is the most common nucleotide and CT the dominant mismatch, although A's and AG mismatches are common (reflecting a prevalence of silent substitutions). Base composition does not explain all biases, however, as indicated by first-position patterns. First positions have little asymmetry in base composition, but CT mismatches are 2-10 times more frequent than other types. The origin of composition bias is unclear, though selection acting through codon usage or functional requirements at the protein level may play a role, as may directional mutation pressure (Jermiin and Crozier 1994) . (1989) functional domains. Cranes also show amino acid conservation in Q0 regions and areas flanking the four heme-binding histidines. Structural constraints are less obvious. Irwin, Kocher, and Wilson (1991) found a high frequency of hydrophobic substitutions in transmembrane domains, and Ma et al. (1993) noted that these regions showed the greatest overall variability. Crane sequences show roughly uniform variation among structural domains, except in the five-residue extramembrane 4 region. At both DNA and protein levels, this short sequence appears to constitute a substitution "hotspot" that is not part of any putative functional domain. Cranes show an equal number of conservative and nonconservative amino acid replacements (relative to the consensus), with no distinct partitioning among structural domains. Whitmore, Thai, and Kraft (1994) found a similar number and distribution of replacements between largemouth bass and sturgeon sequences. It is interesting that of the 88 replacements implied by the tree in figure 8, 65 (74%) occur on terminal branches (reconstructed by the PROTPARS routine in PHYLIP), reflecting the long duration of terminal branches relative to internodes on the crane tree. 28 Krajewski and King Phylogenetic Information
Debate over the merits of alternative phylogenyreconstruction methods has proceeded for several years without clear resolution (see reviews in Felsenstein 1988; Swofford and Olsen 1990; Nei 1991; Hillis, Hulsenbeck, and Cunningham 1994) . Of more interest in the present study are the efficacies of "homoplasy reduction" procedures for phylogenetic analysis. In sequence evolution, homoplasy is manifest as nonlinear sequence divergence over time, a result of multiple substitutions ("hits") at the same site. Distance and likelihood analyses attempt to compensate for nonlinearity by employing probabilistic models of sequence evolution, converting an observed p-value into an "expected" dvalue that is more nearly additive (Nei 1987, pp. 64-73) . To the extent that nonadditivity interferes with phylogenetic estimation, "corrected" distances should produce trees with improved accuracy and precision (Springer and Krajewski 1989) .
The success of distance correction depends on the appropriateness of the evolutionary model employed, and our ability to recognize its success requires prior knowledge of relationships.
Some authors have applied computer simulations (Nei 199 1) or artificial phylogenies (Hillis, Hulsenbeck, and Cunningham 1994) to address this issue, but we rely on the uncontroversial relationships of cranes as an experimental framework. Our results are straightforward:
cytochrome b distance analyses recover a plausible phylogenetic tree, and incorporation of progressively more parameters in distance estimation has no effect on the topology (though the accuracy of branch-lengths is presumably enhanced). The models employed are appropriate in that each parameter included (i.e., transition bias, codon-position effect, composition bias, transition asymmetry) is a demonstrable feature of crane cytochrome b evolution.
One possible explanation of the distance results is that crane sequences are not subject to a high frequency of multiple hits. Parsimony reconstructions of sequence evolution argue against this interpretation, however, with informative sites at all three codon positions averaging more than one change per site.
Equally weighted parsimony also recovers reasonable crane relationships, with levels of resolution comparable to those on distance trees. The most common approach to homoplasy reduction in parismony analysis is character-or change-weighting, in which substitutions that occur with high frequency contribute less to tree length than those that occur with low frequency (Swofford and Olsen 1990). The most common weighting schemes for DNA sequence data discount transitions and third-position changes. These strategies were uniformly ineffective for crane phylogeny, returning (at best) plausible trees with low bootstrap values or (at worst) implausible trees with no resolution. An explanation of this result must relate to substitution patterns in the sequences. While it is clear that transitions and third-position substitutions occur more frequently on average than other types of changes, it is also clear that these biases have high variances across lineages and sites (particularly at low divergences).
Given that crane cytochrome b evolution includes a substantial homoplastic component (noted above), static weighting accentuates both phylogenetic "signal" and "noise." Second-position changes, for example, are not much less likely to be homoplastic than are third-position changes, despite the fact that they occur some 20 times more slowly and at 1 l-fold fewer sites.
The behavior of weighted parsimony in analyses of crane cytochrome b sequences must not be overgeneralized. These sequences have not diverged to saturation and so probably do not include a large number of intralineage multiple-hits.
The latter is the very situation in which differential weighting may be most effective. Moreover, we employed only static weighting, a strategy which will inevitably be sensitive to variance in substitution biases. Williams and Fitch (1990) described a dynamic weighting method that may perform better than static schemes across a range of divergences.
We did not explore dynamic weighting in this study, however, because of unresolved issues about its implementation (e.g., seed-tree bias; Hedges and Maxson 1992) . Nonetheless, our results suggest that differential weighting in DNA parsimony analysis is not universally appropriate. Cracraft and Helm-Bychowski (1991) and Brown et al. (1994) reached a similar conclusion based on analyses of other mtDNA sequences.
Evolutionary Rates
While it is no longer surprising to find departures from clocklike evolution in DNA sequences (Li and Graur 199 1, , convincing explanations for cases of rate variation have been scarce. Population-level processes such as bottlenecks and founder events are known to accelerate the fixation of existing haplotypes (Birky 1991) but should not affect long-term substitution rates (Avise 1994, pp. 31-32) . Such processes may have been important in the history of gruine cranes, but we can only speculate on their distribution among lineages. Variable generation time has been suggested as a cause of rate disparity (Kohne 1970) , but gruine cranes have remarkably uniform life histories. Indeed, most factors traditionally thought to influence molecular rates, including DNA repair efficiency (B&ten 1986 ) and the frequency of germ-cell divisions (Wu and Li 1985), seem unlikely explanations of gruine rate variation in view of the physiological similarity of these species.
Appeals to selection are speculative without more information on the functional consequences, if any, of specific substitutions.
Crane cytochrome b genes seem to evolve more slowly, on average, than the usual 2% per million years reported for mammalian mtDNA. Krajewski (1990) noted a similar slowdown in crane DNA hybridization distances relative to those of passerine birds. Sibley and Ahlquist (1990, pp. 175-183 ) favored a generation-time explanation for the slower rates of nonpasserines, and this is consistent with DNA hybridization and mtDNA data for cranes. Establishing the generality of this correlation, however, will require more careful rate comparisons among avian clades with different generation times.
Conclusion
Unlike Meyer (1994) , who argued that "the appeal of cytochrome b as an easy 'beginner's gene' for phylogenetic work is tarnished by several of its particular shortcomings,"
we believe that the full utility of cytochrome b has yet to be explored. We have documented in detail the departures of actual base substitutions from patterns expected on the basis of simple evolutionary models. Our results show that the major nonrandom components of early divergence are transition, codonposition, and composition biases. Distance analyses that incorporate these biases and parsimony analyses that ignore them return accurate and comparably precise phylogenies. Differentially weighted parsimony, however, may in fact reduce resolution for such recently evolved taxa. Only after study of many taxonomic groups at different levels of divergence can the phylogenetic utility of cytochrome b or any gene be fully assessed.
